Abstract: Ni-Ti-Nb and Ni-Ti shape memory thin films were sputter-deposited onto silicon substrates and annealed at 600ºC for crystallization. X-ray diffraction (XRD) measurements indicated that all of the annealed Ni-Ti-Nb films were composed of crystalline Ni-Ti (Nb) and Nb-rich grains. X-ray photoelectron spectroscopy (XPS) tests showed that the surfaces of Ni-Ti-Nb films were covered with Ti oxides, NiO and Nb2O5. The corrosion resistance of the Ni-Ti-Nb films in 3.5 wt. % NaCl solution was investigated using electrochemical tests such as open-circuit potential (OCP) and potentio-dynamic polarization tests. Ni-Ti-Nb films showed higher OCPs, higher corrosion potentials (Ecorr) and lower corrosion current densities (icorr) than the binary Ni-Ti film, which indicated a better corrosion resistance. The reason may be that Nb additions modified the passive layer on the film surface. The OCPs of Ni-Ti-Nb films increased with further Nb additions, whereas no apparent difference of Ecorr and icorr was found among the Ni-Ti-Nb films.
Introduction
Ni-Ti based shape memory alloys (SMAs) have received extensive commercial attention owing to their high damping capacity, high working efficiency and sufficient corrosion resistance [1, 2] . Their mechanical and physical properties can be adjusted by adding ternary or even quaternary alloying elements such as Fe, Cu and Pd [3] . Ni-TiNb SMAs are well known for their wide phase transformation hysteresis and extensively used in sealing, fastening devices and pipe joints [4] [5] [6] .
Micro-actuators play a prominent role in the development of micro-electromechanical systems (MEMS) and various shape memory materials have been investigated to fabricate micro-actuators with high efficiency and better performance [7] [8] [9] [10] [11] . For MEMS applications, Ni-Ti-based shape memory thin films are good candidates since they could be easily patterned using conventional lithography methods.
Micro-actuators based on shape memory thin films generally show increased actuation frequencies, improved mechanical and fatigue properties, and enhanced working outputs per volume compared with their bulk counterparts [12, 13] . To the best of our knowledge, currently Ni-Ti-Nb films have not been frequently reported when compared with binary Ni-Ti films. In our previous work, martensitic transformation behavior of Ni-Ti-Nb shape memory thin films was studied [14] . Results showed that thermal hysteresis of phase transformation decreased to near zero when the Ni-Ti(Nb) grain size was reduced to ~50 nm, which was attributed to the increased volume fraction of grain boundaries, reduced transformation friction and spontaneous lattice distortion [14] . The near zero thermal hysteresis is beneficial to the development of micro-actuators with high actuation frequencies.
Apart from physical and mechanical properties, corrosion resistance remains a key issue considering the applications of Ni-Ti-based shape memory thin films, especially for devices used in a saline environment under external stresses, in which severe stress induced corrosion and cracking can occur. Nb additions to Ni-Ti or Ti-based alloys have been proven effective in improving the corrosion resistance of the alloys by modifying the surface structures of the alloys [15, 16] . Thus, it is believed that the corrosion resistance of Ni-Ti-Nb films might be improved with Nb additions as well. Therefore, in the present research, Ni-Ti-Nb films with different Nb contents have been prepared and their corrosion resistance was studied to compare with the performance of a binary Ni-Ti film.
Experimental

Film deposition
Ni-Ti-Nb films were deposited onto Si (100) substrates using a carousel type magnetron sputter as shown in Fig. 1 [17] . An equiatomic Ni-Ti target and a pure Nb target were chosen and placed parallel to each other. The substrates were attached on the rotating drum between the two sputter targets without external heating. 
Film characterizations
A SmartLab X-ray diffraction (XRD) machine with Cu Kα (λ=1.54056Å) was employed to characterize the crystalline structures of the films. The surface morphology of the annealed films was studied using an atomic force microscope ( Ti 2p, Ni 2p and Nb 3d [18] . The spectra were calibrated using the C 1s line (Bonding Energy = 284.6 eV) of the adsorbed hydrocarbon on the surface [19] .
The corrosion behavior of the films was characterized using various methods including open circuit potential (OCP) and potentio-dynamic polarization tests [20] . A CHI660E electrochemical work-station was employed for the measurement and a conventional three-electrode system was chosen for all the electrochemistry tests. A platinum electrode was used as the counter electrode and a saturated calomel electrode (SCE) was chosen as the reference electrode. Ni-Ti and Ni-Ti-Nb films were connected to the working electrodes and the edges were sealed using silicone rubber. The surface areas of the working electrodes were controlled to be 10 × 10 mm 2 . The electrochemical tests were conducted in 3.5 wt. % NaCl solution at 25
The open circuit potentials of the samples were monitored up to one hour until reaching a steady value. After the OCP tests, potentio-dynamic polarization tests were conducted by scanning from -500 mV to 500 mV vs. OCP, with a scan rate of 1 mV/s.
Results and discussion
Structural and morphological characteristics of the films
The XRD results of all the Ni-Ti and Ni-Ti-Nb films are shown in Fig. 2 . 
Compositional and surface characteristics of the films
The compositions of the Ni-Ti and Ni-Ti-Nb films obtained from EDS analysis are listed in Table 1 . The results suggest that by increasing the power of the Nb target, the increment in Nb content is unequally shared by the decreases of Ti and Ni contents. The decrease in Ti is more significant than that of Ni, which originates from the higher deposition rate of Ti element than Ni. Table   2 . There are five different elements at the surface of each film, which can be interpreted primarily as the oxides of the metallic elements and carbon contamination. In addition, Ti concentration is considerably higher than those of Ni and Nb in each sample on the film surface. Table 3 which is based on the Gaussian-Lorentzian deconvolution of the high resolution spectra. From Table 3 , it is suggested that as Nb metallic increases, the content of niobium oxide (Nb2O5) decreases, whereas there are less Ti and Ni metallic components in sample Nb2 than in Nb1 and Nb3, with their oxides showing the reverse trends. Compared with the XPS results of Ni-Ti films in reference [13] , the difference between the Ni-Ti-Nb films and Ni-Ti films is the existence of Nb2O5, which may play a key role in the corrosion behavior of the Nbcontaining films. Table 4 . A general trend can be obtained from Fig. 8 that the OCPs of the Ni-Ti-Nb films increase as the Nb content increases, whereas the OCP of the Ni-Ti sample is much lower. A higher OCP indicate the formation of a thicker passivation layer whereas a decreased potential value shows the dissolution of the passive layer [23] . Different re-passivation and dissolution rates of the hybrid oxides result in the various trends of OCP [24, 25] . All the Ni-Ti-Nb samples have higher OCPs compared to that of the Ni-Ti film, which indicates that the Ni-Ti-Nb surface states are more chemically stable. This phenomenon has been proven in reference [22] , in which T.
Zhao et al. investigated the corrosion resistance of Ni-Ti alloys after Nb implantation
and found a hybrid oxide layer which consists of TiO2 and Nb2O5, forms on the surface of Ni-Ti alloy. Electrochemical tests show that Nb implantation improves the corrosion behavior of the Ni-Ti alloy by modifying the microstructures of the surface oxide layer.
As the Nb content increases, the corresponding OCP also increases, which indicates that Ni-Ti-Nb films with higher Nb contents have more stable corrosion resistance than those with lower Nb contents and are less likely to be corroded from the view of thermodynamics.
Fig. 9
The potentio-dynamic polarization curves of the Nb1, Nb2, Nb3 and NiTi samples in 3.5 wt. % NaCl solution at 25°C.
The potentio-dynamic polarization curves of the Nb1, Nb2, Nb3 and Ni-Ti samples in 3.5 wt. % NaCl solution at 25ºC are shown in Fig. 9 . The corresponding corrosion potential (Ecorr) and corrosion current density (icorr) of each sample are listed in Table 4 . The corrosion potentials for the four samples are different from their corresponding OCPs due to the incomplete stabilization of the passive layer that is formed on the surface of the samples and the cathodic polarization before the stabilization of OCPs [23] . All the samples show small icorr (nA level), which proves the protective effectiveness of the passive layer. There is no signal of breakdown potential in the Tafel curves which indicates that all the samples show no pitting phenomenon and have a good resistance to severe corrosion [26, 27] . All the Ni-Ti-Nb samples show higher Ecorr and lower icorr values than the Ni-Ti film, which suggests that Nb additions have a positive influence on the corrosion resistance of Ni-Ti-Nb films. However, from Table 4 
